Identification of novel diagnostic or therapeutic biomarkers from human blood plasma would benefit significantly from quantitative measurements of the proteome constituents over a range of physiological conditions. Herein we describe an initial demonstration of proteome-wide quantitative analysis of human plasma. The approach utilizes post-digestion trypsin-catalyzed A total of 429 distinct plasma proteins were quantified from the comparative analyses and the protein abundances for 25 proteins, including several known inflammatory response mediators, were observed to change significantly fo llowing LPS administration.
SUMMARY:
Identification of novel diagnostic or therapeutic biomarkers from human blood plasma would benefit significantly from quantitative measurements of the proteome constituents over a range of physiological conditions. Herein we describe an initial demonstration of proteome-wide quantitative analysis of human plasma. The approach utilizes post-digestion trypsin-catalyzed 16 O/ 18 O peptide labeling, two-dimensional liquid chromatography (LC)-Fourier transform ion cyclotron resonance ((FTICR) mass spectrometry, and the accurate mass and time (AMT) tag strategy to identify and quantify peptides/proteins from complex samples. A peptide accurate mass and LC-elution time AMT tag database was initially generated using tandem mass spectrometry (MS/MS) following extensive multidimensional LC separations to provide the basis for subsequent peptide identifications. The AMT tag database contains >8,000 putative identified peptides, providing 938 confident plasma protein identifications. The quantitative approach was applied without depletion for high abundant proteins for comparative analyses of plasma samples from an individual prior to and 9 h after lipopolysaccharide (LPS) administration.
Accurate quantification of changes in protein abundance was demonstrated by both 1:1 labeling of control plasma and the comparison between the plasma samples following LPS administration.
A total of 429 distinct plasma proteins were quantified from the comparative analyses and the protein abundances for 25 proteins, including several known inflammatory response mediators, were observed to change significantly fo llowing LPS administration.
INTRODUCTION
The human plasma proteome has been widely recognized for its significant potential in providing diagnostic or therapeutic biomarkers for various diseases, as well as its potential contribution to personalized medicine. 1 As a result, there has been increased interest in comprehensively characterizing the human plasma proteome for the purpose of establishing an extensive database of proteins that could be used for future identification of protein biomarkers indicative of diseases. [2] [3] [4] [5] [6] Adkins et al. reported the application of a two-dimensional liquid chromatography approach coupled to tandem mass spectrometry (2D-LC-MS/MS) for the analysis of an immunoglobulin-depleted human serum sample, which resulted in the identification of 490 proteins. 3 Pieper et al. reported a comprehensive analysis of human serum by using a 3-D whole protein separation process (immunosubtraction/ion exchange/size exclusion) followed by two-dimensional electrophoresis (2DE) and MS identifications of gel spots. 2 MS analysis of 1800 gel spots resulted in identification of 325 proteins. 2 Recently, we reported on the comprehensive analysis of human plasma and on the qualitative comparison between two different plasma samples using a high resolution 2D-LC-MS/MS approach; both studies resulted in ~800 plasma protein identifications. 4, 7 In addition, the Plasma Proteome Project initiative formed within the Human Proteome Organization (HUPO), is working to obtain a comprehensive analysis of the protein constituents of human plasma and to identify biological sources of variations within individuals over time and across populations. 8 While the majority of plasma proteome characterization efforts to date have been qualitative or semi-quantitative, the discovery of novel biomarkers or signature proteins would benefit significantly from quantitative measurements of the differences in plasma protein concentration from different states (e.g., normal vs. diseased states). Recently, several laboratories have reported the applicability of using post-digestion 16 O/
18
O labeling as a quantitative proteomic approach for analysis of complex samples. [9] [10] [11] [12] [13] In the work reported herein,
we describe a global quantitative proteomic approach and its application for comparative analyses of two human plasma samples obtained from a healthy individual prior to (control) and after lipopolysaccharide (LPS) administration (LPS-treated). A 9 h time-point was used in this work only for the initial demonstration of the approach. LPS is a purified bacterial endotoxin known to induce a broad range of inflammatory reactions, including cytokine productions, cell migration, and production of acute-phase proteins [14] [15] [16] for the subject throughout the 24 h study period. This subject manifested signs and symptoms consistent with those observed after intravenous endotoxin administration to humans 20 . The plasma samples were prepared from whole blood by centrifugation; samples at T = 0 h (control, baseline immediately prior to endotoxin administration) and T = 9 h (LPS-treated, 9 h following LPS administration) were used for this study. acetonitrile, pH 6.8. After sample loading, the separation was isocratic for 10 min with 100% solvent A with a flow rate of 1 mL/min. Peptides were eluted using sequential linear gradients from 100% solvent A to 50% solvent B over 40 min and from 50% solvent B to 100% solvent B over another 10 min. The mobile phase was held at 100% solvent B for another 15 min. One mL fractions (1 min per fraction) were collected after the start of the gradient using a Shimadzu FRC-10A fraction collector (Kyoto, Japan) and combined into 30 fractions. Each fraction was lyophilized and analyzed by reversed-phase LC-FTICR.
Reversed-phase Capillary LC -FTICR Analyses
Peptide samples were analyzed using a fully automated custom-built capillary LC system 21 coupled online us ing an in-house-manufactured ESI interface to an Apex III 9.4-Tesla phase was held at 100% A for 20 min followed by a non-linear exponential gradient elution generated by increasing the mobile-phase composition to ~70% B over 150 min using a stainless steel mixing chamber. The LC-FTICR mass spectrometer was configured and operated as described elsewhere.
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Generation of a Peptide AMT Tag Database
A database of identified peptides was created based on the results of extensive LC-MS/MS analyses from multiple sample sources. The application of multidimensional LC-MS/MS analyses for profiling two different sets of plasma samples without depletion of any abundant plasma proteins was the same as previously described. 4, 7 Human serum albumin and immunoglobulins were removed from the reference plasma sample obtained from Stanford by using a commercial anti-HSA cartridge followed by a Protein G cartridge (Applied Biosystems, A static mass modification on cysteinyl residues that corresponded to alkylation with iodoacetamide (57.0215 Da) was applied during the SEQUEST analysis. The results from all datasets were combined and further filtered for the generation of the AMT tag database and the list of confidently identified peptides.
A set of recently developed filtering criteria 24 was applied to filter the data following SEQUEST analyses to generate a list of confidently identified peptides. These criteria are: for the 1+ charge state, Xcorr = 2.0 for fully tryptic peptides and Xcorr = 3.0 for partially tryptic peptides; for the 2+ charge state, Xcorr = 2.4 for fully tryptic peptides and Xcorr = 3.5 for partially tryptic peptides; and for the 3+ charge state, Xcorr = 3.7 for fully tryptic peptides and Xcorr = 4.5 for partially tryptic peptides; ∆Cn value of = 0.1 for all charge states. Two additional ∆Cn cutoff values 0.05 and 0.15 were applied to reduce false negatives while maintaining the same level of confidence for peptide assignments. 24 With the ∆Cn value = 0.05, the minimum acceptable Xcorr value was raised to achieve a comparable false positive rate and similarly, for ∆Cn valued =0.15, the minimum acceptable Xcorr value was reduced. In an attempt to remove redundant protein entries in the reported results, the software program ProteinProphet was used as a clustering tool to group similar or related protein entries into a 'Protein Group'. 25 All peptides that passed the filtering criteria were assigned an identical probability score of 1, and entered into the ProteinProphet program solely for clustering analysis to generate the final non-redundant list of proteins or protein groups.
Peptides that met the same criteria with the exception that ∆Cn = 0 were included in the AMT tag database. The peptide retention times from each LC-MS/MS analysis were normalized to a range of 0 to 1 using a predictive peptide LC-normalized elution time (NET) model and linear regression, as previously reported. 26 An average NET value and NET standard deviation were assigned to each identified peptide if the same peptide was observed in multiple runs. Both the calculated accurate monoisotopic mass and NET of the identified peptides were included in the AMT tag database.
LC-FTICR Data Analysis
The LC-FTICR datasets were automatically analyzed using in-house software tools that included ICR2LS. The initial analysis of raw LC-FTICR data involved a mass transformation or de-isotoping step using ICR2LS, which is based on the THRASH algorithm. 27 The ICR2LS
analysis generates a text file report for each LC-FTICR dataset and the report includes both the monoisotopic masses and the corresponding intensities for all detected species for each spectrum.
Following ICR2LS analysis, data were processed automatically to yield a two-dimensional mass and LC elution time data set. Data processing steps included filtering data, finding features (i.e., 
where I 0 , I 2 , and I 4 are the measured intensities for the monoisotopic peak for a peptide without 18 O label, the peak with a mass 2 Da higher than the monoisotopic peak, and the peak with a mass 4 Da higher mass than the monoisotopic peak, respectively. M 0 , M 2 , and M 4 are the predicted relative abundances for the monoisotopic peak for a peptide, the peak with mass 2 Da higher than the monoisotopic peak, and the peak with mass 4 Da higher than the monoisotopic peak, respectively. The 
Ratios from multiple observations of the same peptide across different analyses were averaged to give one ratio per peptide. All quantified peptides were rolled up to non-redundant protein groups using ProteinProphet and the abundance ratio for each protein group was calculated by averaging the ratio of multiple unique peptides stemming from the same protein group.
RESULTS
The Quantitative Proteomic Strategy
Post-digestion trypsin-catalyzed 18 O labeling, SCX fractionation, and the AMT tag approach 11, [17] [18] [19] were combined to constitute a global quantitative proteomic strategy for analyzing protein abundance changes in human plasma following LPS administration (Figure 1) .
A similar strategy has been demonstrated using the recently developed quantitative cysteinylpeptide enrichment technology (QCET). 11 The initial stage of generating the peptide AMT tag database was based on extensive LC separations coupled with MS/MS to increase the overall coverage of the proteome. The calculated masses and normalized LC elution times (NET) for all identified peptides were included in the AMT tag database, which then served as a "look-up 
Initial Generation of a Peptide Accurate Mass and Time (AMT) Tag Database for Plasma
To generate a peptide AMT tag database for the human plasma proteome with extensive coverage, we coupled SCX fractionation and capillary LC-MS/MS for the analyses of multiple plasma samples, i.e., the control plasma, LPS-treated plasma, and a reference plasma sample 4, 7 .
Depletion of HSA and immunoglobulin G was performed prior to the 2D-LC-MS/MS analyses to further improve the coverage of low abundance proteins.
When generating a peptide database to be used for quantitative proteomics, we opted for a conservative approach using only the most confident peptide identifications. The number of peptides and thus proteins identified depends on the stringency of the filtering criteria applied after SEQUEST analyses 4 . Our recent study using reversed database searching (i.e., analyzing the data against a reversed human protein database with the order of amino acid sequence reversed for each protein, and thus containing a large set of "nonsense" peptides) 24 revealed potentially high false positive rates for human plasma/serum peptide identifications based on previous ly reported criteria [3] [4] [5] [6] [7] . For example, the false positive rate for peptide identifications from human plasma using the criteria described by Washburn et al. 30 is ~30% based upon a reversed database searching 24 . As a result of our previous study, we developed an improved set of filtering criteria for human plasma that provide a ~4% false positive rate for peptide identifications 24 . Application of these new filtering criteria in our current study resulted in the much more confident identification of a total of 7395 different peptides, covering 938 nonredundant plasma proteins or protein groups. The functional distribution of the 938 proteins is depicted in Figure 2 . Approximately 16% of the identified proteins were classified as "classical" plasma proteins (proteins secreted into plasma via mainly the liver and intestines), which includes circulatory and binding proteins, coagulation and complement factors, proteases and inhibitors, cytokines and related proteins. Cellular tissue-derived proteins account for almost half of the total, and a high percentage (20%) of proteins were classified as unknown (either hypothetical, or having no functional annotation). The presence of many tissue-specific cellular proteins in plasma, presumably from cellular "leakage", further supports the notion that plasma may provide tissue-specific biomarkers; e.g. cancer biomarkers. This complete list of protein/peptide identifications is provided as Supplementary Table 1 . To generate the peptide AMT tag database, we applied the same filtering criteria, but with a more liberal ∆Cn filter (∆Cn = 0) that allowed peptides with 0 = ∆Cn < 0.1 to be also used for peptide identifications when additionally validated by observation at the same LC-NET by FTICR accurate mass measurement. The final AMT tag database contained 8309 unique peptides with accurately measured normalized elution time and calculated monoisotopic mass for each peptide.
Assessing the Quantitation Accuracy using Labeled Control Plasma Samples
The accuracy of relative quantitation using 16 16 O labeled versions can be precisely calculated using Eq. (1). As expected, the distribution of abundance ratios for the detected peptide pairs displayed a Gaussian-like distribution centered at 1.0. The average ratio for all peptide pairs is 1.02 ± 0.23, demonstrating the accuracy for relative abundance measurements even in a complex, proteome-wide sample, and providing the basis in determining changes in relative peptide abundances when using different plasma samples.
Comparative Analysis of Human Plasma Samples Following LPS Administration.
To identify the proteomic changes following LPS administration, plasma samples obtained from a subject before and after LPS administration were labeled with 16 O and Figure 4B shows the normalized fold changes of all 429 quantified plasma proteins, demonstrating that the majority of proteins show no significant change, or a minimum change. The standard deviations for protein abundance ratios are shown as error bars in Figure 4B . Relatively small errors (<0.3)
were observed for most of the proteins, demonstrating accurate relative quantitation for these proteins. Only a few proteins were observed with large standard deviations in abundance ratios, which indicate poor agreement in abundance ratios of peptides within these proteins. The poor standard deviation observed for these proteins could be due to several reasons: (1) posttranslational modifications may lead to different abundance ratios for different detected peptides from the same protein; (2) the detected peptides may actually correspond to a number of different protein isoforms that were grouped together by ProteinProphet; or (3) an error in assignment due to the small percentage of false peptide identifications.
The set of proteins that show significant changes in protein concentration and selected list of proteins that show no significant changes in protein concentration following LPS administration is provided in Table 1 . As shown, proteins identified from only a few peptides to those identified with >100 peptides were all quantified with good accuracy, allowing 25 proteins exhibiting significant changes in concentration to be effectively identified. Overall, the quantitative results correlate well with our previous qualitative study. 7 Several of the proteins observed with a significant increase in abundance have been previously reported to be inflammatory response markers or mediators whose concentrations are increased during acute phase response. These proteins include C-reactive protein, serum amyloid A, serum amyloid A2, von Willebrand factor, and LPS-binding protein 14, 31, 32 . The levels of increases in protein abundance for these acute phase proteins are expected for a low level prototyp ical inflammatorychallenge. Figure 5 shows MS spectra for peptide pairs originating from C-reactive protein and Von Willebrand factor. The different peptide pairs from the same protein show very good agreement in abundance increase. A complete list of the 429 proteins quantified with peptide and protein abundance ratios is available in Supplemental Table 2 .
DISCUSSION
Post-digestion trypsin-catalyzed 16 O labeling can be easily coupled to peptide-specific enrichment methods such as cysteinyl-peptide enrichment, 11 or to peptide-fractionation techniques such as SCX to improve overall proteome coverage of the analysis. However, one of the concerns related 18 O labeling is that the 18 O-labeled peptides may exchange back to 16 O, albeit at a low rate of exchange, that will potentially decrease the overall efficiency of the stable isotope labeling and quantitation. Instead of using cysteine alkylation of trypsin under denaturing conditions as suggested by a previous report 13 , we found that the residual trypsin activity following digestion can be effectively quenched by boiling the samples for 10 min and then immediately placing the samples on ice. In the post-digestion labeling methodology, the use of immobilized trypsin allows the enzyme to be completely removed following the labeling step. Using this protocol we have not observed any evidence of oxygen back-exchange even after the labeled samples were stored for several months in normal water (data not shown).
We have presented an initial demonstration of the comparative analysis of human plasma without depletion of any major proteins, quantifying a total of 429 non-redundant plasma proteins from clinical human plasma samples. The dynamic range of concentration for proteins present in human plasma is expected to be >10 10 , which presents a significant challenge for detecting low abundance proteins. While the results from this study demonstrate the effectiveness of identifying proteomic changes between different clinical plasma samples, the limitation in overall detectable dynamic range has resulted in the quantification of proteins that are primarily considered as having a medium to high abundance levels. Thus, the number of proteins observed with significant changes in concentration in plasma is limited by the coverage or low signal levels of lower abundance proteins due to the presence of a limited set of very high abundance proteins. To improve the overall dynamic range of detection, new depletion strategies for removing high abundance proteins 2 and novel enrichment methods for enriching specific subsets of peptides such as cysteine-containing peptides 11, 33 and N-glycosylated peptides 34 are essential and can be applied in combination with the present approach. The application of such depletion or enrichment methodologies is highly promising for extending the present quantitative analysis approach to much larger numbers of low abundance proteins in plasma.
The extension of the reported method to a study of the plasma time-dependent acute phase response following LPS administration is presently in progress that aims to provide an extended dynamic range proteome survey of potential mediators in inflammatory response that may contribute significantly to our understanding of systemic inflammation and sepsis syndrome.
With the increased dynamic range of detection resulting from the additional application of depletion and/or enrichment strategies to proteomic samples, we anticipate broad utilization of this quantitative approach in clinical plasma/serum proteomics. *Abundance ratio > 1 indicates an increase in protein concentration following LPS administration. If the abundance ratio s differs from 1.0 with more than 3-fold of standard deviation (0.23) from control experiment (either >1.69 or < 0.59), the proteins are considered to be with significant change s in abundance following LPS administration. Proteins with only one unique peptide detected were considered to be less confident ly quantified than those proteins with multiple peptides detected. Figure 1 . Strategy for quantitative proteome analysis using 16 The ratio distribution of 891 detected peptide pairs. 
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